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INTRODUCTION 
The first report of enzyme immobilization appeared as early as 
in 1916 in which the binding of invertase activity by charcoal and 
aluminium hydroxide gel was described by Nelson and Griffin. Although 
Nelson published a subsequent study alongwith Hitchcock in l')21 and 
even put forward the concept of the matrix surface microenvironment, 
due to the lacunae in the understanding of the nature of enzymes at 
the time, the work received hardly any recognition. The work of 
Campbell et al. (1951) involving the binding of antigen covalently to 
cellulose to isolate antibodies gave further impetus to the studies on 
enzyme immobilization. Grubhofer and Schleith (1953, 1954) reported, 
soon after, procedures for covalently attaching the enzymes pepsin, 
diastase, ribonuclease and carboxypeptidase to solid supports. With 
the increase in the available purification strategies and consequently 
the number of purified enzymes, as well as the realization of immense 
potentials of enzymes in industry and medicine, work on immobilization 
received remarkable attention. The "Solfering seventies" have been 
aptly termed the decade of enzyme immobilization inview of the large 
number of publications that appeared in the area. Significant 
successes have been achieved in the use of immobilized enzymes in 
chemical and food industries, synthesis of pharmaceuticals, chemical 
analysis, medicine, and preparative biochemistry. 
During the eighties however, there was a slump in the interest 
in immobilized enzymes as it was felt that they may not be able to 
compete with soluble enzymes in several large scale processes. The 
situation is however changing rapidly and once again there is a strong 
resurgence in the interest in the iinmobilized enzymes resulting from 
successes in genetic engineering techniques that promise to provide 
substantial qualities of virtually any desirable enzyme at reasonable 
cost. Excellent reviews have appeared on the subject (Nilsson and 
Mosbach, 1981, Bulow and Mosbach, 1982, Winter et al., 1982, Ulmer, 
1983). 
Conformation of Iimiobilized Proteins-
Some very useful studies have also appeared that describe the 
application of immobilization techniques for solving basic problems in 
biochemistry and molecular biology. Although the work has not been as 
extensive^ nevertheless some very useful information has been obtained. 
If an enzyme molecule is attached or bound to a support and 
enzyme molecules are not positioned too close to each other, one can 
prevent an enzyme from accepting a number of possible conformations 
(Genkin et al., 1977). The conformation of a protein may be altered as 
a result of attachment to a support. Whether or not immobilization 
entails conformational changes may be solved by investigating the 
structure of immobilized enzyme by physical methods (Mosbach, 1975; 
Lasch et al., 1982). Gabel et al (1971) studied the conformation of 
trypsin and oC-chymotrypsin attached to Sepharose and Sephadex by 
fluorescence techniques. Their conclusion was that structure of native 
and immobilized states are basically different. 
Other authors/however ascertained that the overall structure of 
protein is retained on immobilization with only minor alterations 
occurring in some parts of the molecules. For example, in myoglobin 
and hemoglobin attached to Sephadex; (Benko et al., 1976) and Latex 
particles (Benko et al., 1975) the mobility of amino acid residues in 
the region of the heme pocket changed only slightly. Some times the 
conformational changes and loss of enzyme activity is caused by a 
chemical modification of an essential functional group rather than by 
covalent attachment to a support. This is the case with reactions 
affecting the thiol groups of lipoamide dehydrogenase (Low, 1977) and 
lysine groups of oc-chymotrypsin (Tomimatsu et al., 1971, Torchilin 
et al., 1979). Rather often, immobilization does not change the 
structure of protein. This has been demonstrated spectrophotometeri-
cally for cytochrome C (Moore and Greenwood, 1975, Greenwood and 
Moore, 1976) and hemoglobin (Enus and Chan, 1979), immobilized on 
agarose gels, for dextran-attached ribonuclease by CD techniques 
(Zaborsky, 1974), by the fluorescence method for elastase immobilized 
on polyacrylamide fibres (Dimicoli et al., 1979) and for 
Sepharose-attached leucine aminopeptidase (Lasch, 1975), 
The question therefore arises, is whether is it possible to 
overcome the conformational nonidentity of native and immobilized 
enzymes? One of the reasons for such dissimilarity is the denaturing 
effect of the support, as in the case of immobilized carboxypeptidase. 
(Lasch, 1975) and bovine lactalbumin (Barel and Prieels, l'575j. The 
shift of tryptophan fluorescence of the latter showed that on 
immobilization the hydrophobic groups of protein find themselves in a 
more polar microenvironment. The denaturing effect of the support can 
be avoided by choosing a alternative carrier of a different nature. If 
this is not desirable, the unfavourable action of the support on the 
enzyme can be weakened by using a longer spacer molecule, thus 
increasing the distance betv/een the protein and surface of the support 
(Gerig and Loehr, 1980). 
Another reason for thf^  structural differences between native and 
immobilized protein is the number of linkages between the enzyme and 
the support. Differential scanning colorimetry was used to demonstrate 
that the temperature of denaturation transitions of <-chymotrypsin and 
ribonucleases, attached by one or two covalent bonds to Sepharose, are 
the same as those for the native enzyme (Koch-Schmidt and Mosbach, 
1977). Additional linkages considerably increased temperature of 
denaturation and decrease enzyme activity. It is possible that the 
difference between the conformations of the native and immobilized 
enzymes, observed by Gabel et al. (1971) and Lasch (1975), also 
results from the multipoint attachment of protein to the support. 
Multipoint binding of the enzyme molecule to the support enhanced 
stabilization. Such binding makes the conformation of the molecules 
more rigid (without necessary altering it), hence more stable against 
unfolding and, ultimately, inactivation. This principle is, however, 
different to realize methodologically for steric reasons, as both the 
surface of the support and that of the protein have configuration of 
their own that are by no means congruent. Besides, even when a 
multipoint binding is realized, it is very small part of enzyme 
molelcule surface that is bound to the support, hence one should not 
expect that the whole of its molecule will become rigid. This may be 
the reason why many attempts at stabilizing enzymes failed (Gabel and 
kasche, 1972, Mosbach and Gestrelius, 1974). 
Blumenfeld and his coworkers have studied the dynamics of the 
conformational changes of immobilized protein. Having compared the 
rates and the fine mechanisms of the conformational transition in the 
native and immobilized states of cytochrome C with pH being varied 
(Davydov et al., 1980), the ability of myoglobin and hemoglobin to 
bind Carbon monoxide, the R±=;. T transition in hemoglobin (Dovydov et 
al., 1981) and the transitions between conformationally nonequilibrium 
states of cytochrome C and peroxidase (Davydov et al., 1981, Davydov, 
1981), the authors concluded that in protein attached to a support, 
confoirmational changes can proceed 103 to 105 times slower. Sometimes 
even the number of steps of a transition decrease (Genkin et al., 
1977). The differences may result from the interactions of the 
functional groups of the support with the protein. Thereby the initial 
and final conformations of the protein can be proved different from 
those in the solution (Genkin et al., 1977). Immobilization on inert 
supports may hardly alter, conformational transitions, compared to 
those in solution (Davydov et al., 1980, Davydov et al., 1981). 
Denaturation and reactivation of immobilized enzymes- Most protein, in 
their native states, are folded into well defined, usually essentially 
rigid, three dimensional structures. For most protein, this structure 
is compact and globular, as exemplified by known structures of 
chymotrypsin (Mathews et al, 1967). Denaturation can be defined as a 
major change from the original native structure without alteration of 
the amino acid sequence i.e. without severance of any of the primary 
chemical bonds which join one amino acid to another. 
Ordered structures that are meaningful in protein chemistry are 
cooperative in nature, involving many amino acid residues. The 
disruption of structure of this kind is likewise cooperative, amino 
acid residues can not be withdrawn from the ordered region at a time. 
A "major"comformational change must therefore always be "cooperative" 
which means that the transition from native to denatured state is a 
"sleep transition", which occurs within a narrow range of temperature 
or concentration of denaturing agent (Tnnford, 1968). 
There is a sharp distinction between inactivation of an enzyme 
and denaturation. The denaturation is in terms of physical properties 
relating to molecular conformations. Enzyme may be inactivated as a 
result of minor conformational changes as well as major ones, or as a 
result of strong interactions between the inactivating agent and 
catalytic or binding site of the enzyme. 
The effects of structural changes on the activity of enzymes 
have been extensively studied in the literature. However in the early 
studies the authors largely concentrated on chemical modifications of 
the primary structure of the enzymes. On the other hand/ although the 
importance of conformational integrity for the activity of an enzyme 
is generally recognized, relatively few attempts have been made to see 
how far conformational integrity of an enzyme can be modified without 
seriously affecting its activity. In most studies, on the folding and 
unfolding of protein, comparison of the courses of changes in activity 
with those in conformations have been but little explored (Jaenicke, 
1982, Baldwin and Creighton 1980, Kim and Baldwin, 1982). 
Inactivation of various enzymes at elevated temperature can be 
classified into (a) Reversible loss in activity due to disruption of 
the native conformation above the melting transition, (b) An 
irreversible loss in activity to incompletely understood deleterious 
changes in enzyme structures. 
Most reported instances of "irreversible" denaturation occurs 
under conditions where alteration of the covalent structure is a 
plausible explanation, and in most instances, attempts to recover the 
native conformations under what would now be considered to be optimal 
conditions have not been made. Although most reported "irreversible" 
denaturation process may be explained as arising from changes in 
covalent bonds that occurs during the denaturation process, it is 
possible that recovery of the native conformation is intrinsically 
forbidden for same protein. This situation may arise in at least three 
ways: 
1. Some proteins are formed in the living tissues by proteolytic 
attack upon a precursor -rotein. The chymotrypsin is a well known 
example/ being formed from chymotrypsinogen by scission of a few 
specific peptide bonds, one of the consequence is that the origi-
nally single polypeptide chain of chymotrypsinogen is broken, in 
cC-chymotrypsin/ in three fragments which are held together by 
disulfide bonds (Martin/ 1964). It is taken for granted that three 
disulfide bonds, which arose originally as intrachain bonds of 
chymotrypsinogen, would probably not reform spontaneously after 
denaturation and reduction of c<-chymotrypsin (Tanford, 1968). 
2. An intrinsic inability to return to the native conformation 
may exist even in protein that are not chemically altered after 
biosynthesis. The conformational state of a protein can be uniquely 
determined by the amino acid sequences without necessarily being the 
state of lowest free energy. When a polypeptide chain is newly 
synthesized, the amino-terminal end is exposed to the cytoplasm first. 
Thus the structure determined by the formation of the ordered nucleus 
near that end would be formed, and the protein might remain frozen in 
that conformation as long as it remained in the native environment. 
After denaturation to a randomly coiled or predominantly randomly 
coiled state, however, the ordered nucleus at the other hand of the 
molecule may be formed more rapidly and the alternate stable 
conformation of the polypeptides chain may result with essentially 
100% yield (Tanford, 1968). 
3. Some proteins exist in nature in close association with other 
proteins or other macromolecules, or they may occur as part of the 
organized structure of mitochondria, membranes etc. It is possible 
that biosynthesis of some such protein may occur in close proximity to 
the site which they occupy in the cell, so that the originally folding 
to native conformation is influenced by the site. Thus conformations 
may be retained after the protein is separated from its environment, 
but could not necessarily be regained after denaturation and attempted 
renaturation in vitro (Tanford, 1968). 
The molecular causes responsible for irreversible enzyme dena-
tjration still awaits a solution. Relevant studies (Mozhaev and 
Martinek, 1982) have demonstrated that irreversible denaturation is 
often brought about by secondary process, such as aggregation chemical 
modification of functional groups (for example, oxidation), autolysis 
or breakdown of the polypeptide backbone under the action of 
admixtures of other enzymes, rupture of "native" disulfide bonds etc. 
It has been suggested by Kiibanov and Mozhaev (1978) that the 
irreversible inactivation may be due to an entirely different cause, 
enzyme lose their activity via a monomolecular mechanism of physical 
denaturation. Its gist is the following. At high temperatures, 
"regular" non covalent interactions in an enzyme, which maintain the 
native structure at room temperature are violated and "non-native" 
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linkages inherent at elevated temperature are formed instead. As the 
temperature is diminished, these irregular noncovalent interactions, 
although thermodynamically unstable,- may remain for purely kinetic 
reason, since the moJ.ecular mobility of polypeptide chains decrease as 
temperature falls. In other words, if the temperature decrease rather 
fast, protein remain denatured (even though the native conformation is 
thermodynamically more stable) in a metastable conformation from which 
it cannot spontaneously renature on return to low temperature 
(Klibanov and Mozhaev, 1978). 
Recent studies with lysozyme (Ahrens and Klibanov, 1985) and 
ribonuclease (Zale and Klibanov, 1986) revealed that inactivation at 
very high temperature is due to deamination of asparagine/glutamine, 
destruction of disulfide, f2>-elimination of cysteine and formation of 
incorrectly folded and kinetically trapped structures. However, it is 
not known if continuous exposure to moderately high temperature for 
prolonged duration also brings about such changes. 
Under conditions that do not bring about covalent changes 
mentioned above, irreversible inactivations attributed intermolecular 
process such as aggregation and precipitation. These can be abolished 
completely by immobilization by various appropriate procedures. The 
denaturation under these conditions may be the result of monomolecular 
physical denaturation mechanism (Klibanov, 1979). These involve the 
formation of non-native disulfides and non covalent interaction 
(Klibanov and Mozhaev, 1978). 
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Most imnobilized enzymes undergo inactivation during operation 
although at a slower rate than L1..: respective soluble enzymes. The 
inactivation of immobilized enzymes may be induced by (a) continuous 
operation/storage (b) High temperature (c) Organic solvent (d) 
Acidic/Alkaline pH. The inactivation can caused by covalent (viz. 
cleavage of the peptide bond, disulfide-reduction/destruction, 
p-elimination of cysteine, etc.) or non covalent (formation of non 
native conformation) modifications. Inspite of the extensive 
literature available of enzyme inactivation by various denaturants, 
many questions regarding mechanism of protein folding and stability of 
the native state remain unclear (Kim and Baldwin, 1982). 
It is now customary to stabilize protein by immobilization 
against denaturation for use in biotechnology and enzyme engineering 
(Klibanov, 1979), stabilized preparation of proteases have now found a 
new application in elucidation of mechanism of enzyme denaturation. 
The point is, the conformation of a protein during denaturation 
changes and its accessibility to digestion by proteases increase. 
Having analyzed the sequence of split that appear in the protein 
studied, one may have an idea about the mechanism of its denaturation. 
It was shown, with the help of carboxypeptidase-A immobilized on 
Sepharose, that the unfolding of ti.e C-terminal groups of ribonuclease 
(after which it became exposed to the solution), occur at 60-70°C only 
after local alteration in other pai^o of the globule have taken place 
(Burgess et al., 1975). 
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Gabel and Kasche (1976) having immobilized trypsin on Sephadex, 
studied its denaturation when concurrent biomolecular process were 
eliminated. They revealed a sequence of reversible and irreversible 
0 
conformational transition up to 80 C. 
It remains obscure/ however/ whether the conformational changes 
are inherent in immobilized trypsin only/ as this enzyme is attached 
to the support with a great number of linkages and has a conformation 
that differs from that of the native enzyme (Gabel/ 1973/ Gabel et 
al., 1971). 
Until recently, the role of Calcium in the maintainence of 
native structure of trypsin has been unknown. The trouble is that 
Calcium stabilizes the enzyme not only against unfolding (by heating/ 
urea and others) but also against autolytic self digestion/ which 
proceeds at high rates. Denaturing agents such as guanidinium chloride 
and urea protect enzymes from the irreversible denaturation. Martinek 
et al., (1975) carried out experiments with immobilized enzyme to 
prevent protein-protein interaction, which are especially noticeable 
in the presence of denaturants. As a result they concluded that 
unfolded conformation of protein is susceptible to irreversible 
procedures of thermo denaturation to a much lower degree than the 
native protein. 
The monomolecular mechanism of physical irreversible denatura-
tion was confirmed by the fact that cne thermoinactivated trypsin and 
ocT-chymotrypsin were reactivated -with 100 % yield (Klibanov and 
Mozhaev, 1978, Martinek et al., 1930) in the following way. At the 
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first step, all non-covalent inci Jing "non-native" interaction were 
interrupted and S-S bonds were cleaved under the action of a 
concentrated solutions of urea, containing dithiothretol. In this way-
inactivated protein were turned into the random coil like states. At 
the second step, the polypeptide chain was spontaneously refolded into 
the native conformations under optimal conditions. These experiments 
were performed with immobilized enzymes. This helped to eliminate 
aggregation, autolysis and intermolecular disulfide exchange i.e. 
polymolecular processes that usually accompany denaturation and lead 
to irreversible loss of catalytic activity in solution. Consequently, 
the enzymes presumably experienced exclusively monomolecuar 
denaturation (Martinek et al., 1980). Sepharose and polyacrylamide 
gels are "inert" carriers. Therefore, the irreversibility of 
denaturation should not result from the interaction of protein with 
support. The inactivation of enzyme (Klibanov and Mozhaev, 1978, 
Martinek et al., 1980) cannot be attributed to processes which could 
have changed the primary structure of protein, e.g. Hydrolysis of 
peptide bonds or the destruction of functional groups. Otherwise, it 
would have been impossible to fully reactivate irreversible denatured 
enzymes under the action of urea (which affects only the secondary and 
tertiary structures) and reagents (dithiothretol, glutathione) that 
interacts only with S-S bridges (Martinek et al., 1980). Thus, 
successful reactivation experiments support the concept about the 
existence of a purely physical monouiolecular mechanism of irreversible 
denaturation (Klibanov and Mozhaev, 1978). 
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An essential retardation of irreversible denaturation can be 
achieved by the multipoint covalent or non covalent attachment of an 
enzyme to a support or its entrapment in the "tight" pores of an inert 
carrier (Martinek et al./ 1977, Klibanov, 1979). Such stabilized 
enzyme preparation can withstand heating to 100 C and higher without 
inactivation, their inactivation rate constants are thousands or 
million times lower than that of an enzyme which although immobilized 
(to prevent protein-protein interaction i.e. autolysis or 
aggregation), to support only by one or two bonds. The stabilization 
mechanism is evidently that immobilization endows protein with lower 
conformational mobility (Davydov, 1980, Martinek et al., 1977) and 
fastens in the catalytic conformation hindering its denaturation 
(Mozhaev et al., 1983). 
In the early sixties the thermodynamic hypothesis of protein 
folding was advanced and confirmed for several proteins (Anfinsen and 
Scherage,(1975). The gist of the theory is that the primary structure 
contains all the information for the correct self organization of 
protein into the native conformation. In several proteins,by treatment 
of urea (or another denaturant) and thiol reductant like 
p-mercaptoethanol, intramolecular interactions, including covalent S-S 
bonds, were violated and the proL^ins v/ere converted into a random 
coil. The denaturing agent were then removed and the protein was 
allowed to refold under conditions optimal for thiol-disulfide 
exchange. 
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It turned out, however, that protein of the trypsinogen and 
chymotrypsinogen families, insulin and some other are incapable of 
self organizing into their native conformation after denaturations. 
During attempts of refolding they form aggregates. Protein aggregation 
usually accompanies unfolding and involves several non covalent and 
covalent interactions between the denatured peptides. Intermolecular 
disulfide formation is highly favoured in the denatured state (Sinha 
and Light, 1975). 
In order to prevent protein aggregation Epstein and Anfinsen 
(1962) immobilized reduced trypsin on insoluble derivatives of 
carboxymethyl cellulose or modified it with polyalanine. They could 
recover 4 to 8 % activity on oxidation of the fully reduced samples 
(Epstein and Anfinsen,1962). 
Knight and Light (1974) found that Sepharose-tr/psinogen could 
be activated to the same extent as soluble trypsinogen. Furthermore, 
Sepharose-trypsinogen had enzymatic properties similar to those of 
free trypsin. Apparently, the attachment of one or more amino groups 
of the protein to agarose did not alter the three dimensional 
structure of protein. Therefore, the immobilized protein could serve 
as a model system to study the folding of disulfide cleaved and 
denatured enzyme. A similar approach had been used by Brown et al 
(1972) and Horton and Swaisgood (1976) in their studies on the air 
reoxidation of reduced, denatured chymotrypsin covalently attached to 
porous glass beads. 
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Immobilization techniques were employed to study the mechanism 
of refolding of trypsinogen (Light and Sinha/ 1975). They have 
performed the reoxidation of fully reduced and denatured bovine 
trypsinogen, under aerobic conditions. The reduction of disulfides of 
Sepharose-trypsinogen was accomplished with fj-mereaptoethanol/8M urea 
and EDTA. The samples were maintained under anaerobic conditions for 
4.5 hrs at room temperature. 
Reoxidation of fully reduced immobilized trypsinogen was 
performed by removal of denaturants and in presence of p-mercapto-
ethanol and dehydroascorbate or with the mixture of reduced and 
oxidized glutathione. The yield of reactivation was 60 to 70 %. 
However, if the incorrectly folded structures were placed in a mixture 
of reduced and oxidized glutathione, the molecules underwent disulfide 
interchange and could continue to refold. The rapidly reoxidized 
molecules regained their native structure with the same rate and to 
the same extent as they did initially in the absence of rapid 
reoxidation. Therefore, the rate limiting step, in the refolding of 
trypsinogen was disulfide inter change (Light and Sinha, 1976). More 
recently Horowitz and Bowman (1987) have demonstrated the refolding of 
the thermally inactivated rhodonase, which was not possible with the 
native enzyme due to its tendency to aggregate in the denatured state. 
When performing experiments un the refolding of immobilized 
protein, One should pay special attention to the support. It turned 
out that the refolding of protein immobilized on some supports does 
not entail noticeable reactivation even under optimal conditions 
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(Mozhaev et al., 1979 and Mozhaev', 1980). It is important that an 
unfolded polypeptide chain does not interact non-specifically with the 
surface of the support. It seems that non specific interactions with 
the carrier are responsible for low reactivation yields of protein 
immobilized on microcrystalline cellulose (Mozhaev et al., 1979) and 
negatively charged carboxymethyl cellulose (Epstein and Anfinsen, 
1962) and in a gel of sodium polymethacrylate (Mozhaev, 1980). In 
other words the support should be inert to protein, some 
polysaccharides (Sinha and Light, 1975 and Mozhaev et al., 1979), 
polyacrylamide gel (Mozhaev, 1980) and especially treated glass (Brown 
et al., 1972, Horton and Swaisgood, 1976) turned out to be appropriate 
carriers for performing such studies. 
One of the serious drawback of immobilization technology is 
that the structure of a protein in the course of refolding is 
difficult to examine by traditional physical methods. To overcome 
this, an enzyme can be attached to support via cleavable spacer. The 
enzyme can be transferred into solution at various stages of unfolding 
and refolding and its properties assessed (Brown et al., 1979).. 
Hoveve)", the possibility of. the released enzyme undergoing several 
conformational and other alterations after release from the matrix can 
not be ruled out during such studies. 
Another limitation is that if inanobilized protein is treated 
with urea and p-mercaptoethanol there is danger that not all non 
covalent interaction; are interrupted (as in the case of native 
proteins) and the protein would not turn into a random coil and the 
18 
only way out is to attach protein to a support via a minimum number of 
bonds (Anfinsen and Scherage, 1975, Sinha and Light, 1975). 
It had been established that during the biosynthesis the 
growing polypeptide chain has a binding site on the ribosome. It was 
suggested (Brown et al., 1972, Horton aad Swaisgood, 1976) and 
demonstrated with a model (Mozhaev et al., 1979). that natural 
immobilization may produce a positive effect on protein folding. The 
reason seems to be that in the immobilized state, compared to that in 
solutions, the number of possible conformation a protein could adopt 
should be much lower at least for steric consideration (Mozhaev et 
al., 1979). This means the modes of protein folding in the immobilized 
state should also become less numerous and the probability of 
formation of functionally active conformations increases. 
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Horseradish Peroxidase- The first demonstration of peroxidase activity 
can be traced back to 1810 when Planche observed that extract of 
guaiacum that contained guaiacol turned blue in presence of horse-
radish extracts or milk. In a susequent study Schoubein (1855) noted 
that blueing reaction required the tissue extract/ guaiacol and air 
and oxygenated'water (hydrogen peroxide). Peroxidase occurs in nearly 
all plant cells and in some animal cells. But the highest 
concentration have been, however, recorded in the sap of the fig tree. 
The horseradish roots are also rich in peroxidase. Many peroxidases 
occurs in cell wall or in the extra cellular space (Van Huystee and 
Chibbar, 1987). They are probably synthesized on rough endoplasmic 
reticulum processed in the Golgi complex and then secreted in the same 
way as many other glycoproteins (V^n Huystee and Chibbar, 1987). 
Substrate specificity: The enzymatic physical and chemical properties 
of peroxidase have been studied extensively. The specificities of all 
peroxidases for their substrate is high, only hydrogen peroxide and 
substituted alkali peroxides, like the methyl and ethyl derivatives 
can act as substrate as shown by chance (1949). 
Peroxidase in the presence of hydrogen peroxide catalyzes 
the oxidation of the very large number of phenols and aromatic amines. 
The peroxidase has various pH optima depending upon the substrate 
employed (TSble i). 
Structure: X-ray crystallograpiiic analysis of plant peroxidase. 
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Table (i.) SubaLrdiies of HRP. 
Donor type 
Phenols. 
Amines 
Enediols 
Others 
Name 
p-Hydrox yd iphenyl 
Hydroquj-none 
Hydroquinone monomethylether catechol 
Catechol monomethylether (Quaiacol) 
Resorcinol 
Pyrogallol 
0-phenylene diamine 
m-phenylene diamine Aniline 
p-Amino benzoic acid 
Reductoni 
Ascorbic acid 
Dihydroxymaleic acid 
Uric acxd 
Leucomdlajhite green 
DPNH 
Nitrite 
Figure (i). The amino acid sequerue of horseradish peroxidase. 
Carb, indicates the site of carbohydrate attachment. 
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however, has so far been unsuccessful, but the primary structure of 
HRP has been completely establit;hed (Mazza and Welinder, 1980a, 
1980b). HRP consist of 308 amino acid residues, a hemin group and 
eight neutral carbohydrate side chains attached through asparagine 
residues. The enzyme has four disulfide bridges. The molecular weight 
of HRP has been reported between 40,000 a^ id 45,000 (Welinder, 1976). 
Carbohydrate Moieties: In HRP tlie carbohydrate moieties constitute 
about 18 % of the total weight (Welinder, 1976). It has eight neutral 
carbohydrate side chains. These oligosaccharide chains are exposed on 
the surface of the molecule (Walinder, 1985). Some peroxidases binds 
to concanavalin A and others do not (Van Huystee, 1987). However, if 
those that do not bind are non- glycosylated, peptides'is not known. At 
least six glycosidic prosthetic groups of HRP show affinity to 
concanavalin A (Derbyshire, 1973). The size of their N-linked 
(asparagine-1 inked) chains ranget. Horn 1600 to 3000 with mannose and 
glucosamine as their predominant sugars (Clarks and Shannon, 1976). 
The peanut peroxidase (Arachis hypugaoa) is also a glycoprotein. The 
carbohydrate moieties of peanut peroxidase seems to be essential for 
peroxidase activity and for the stability of protein moiety. It has 
become evident that protein glycosylation may contribute to and may be 
an intrinsic part of the physiological activity. (Rademacher et al., 
1988). The evidence was provided by periodate oxidation and enzyme 
deglycosylation indicates that carbohydrate are necessary for the 
peroxidase activity (Hu and Van Huystee, 1989). Schwarz and Datuna 
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(1982) have suggested that Cr:. ; ^hydrate moieties probably acts as 
molecular shields, blocking the . jceas of proteinases to the potential 
proteolytic cleavage site or stabilize the conformation of the protein 
part in which the cleavage sites are exposed. Carbohydrate in pea nut 
peroxidase exert a protective effect on the protein moieties (Schwarz 
and Datuna, 1982, Hu and Van Huystee, 1989). 
Heme: It has been known for a long time that many spectral and 
catalytic properties are shared by plant peroxidases, myoglobin and 
hemoglobin (Keilin and Hartee, 1951). Therefore, a notion of similar 
heme crevices was propagated. High resolution structures of several 
globin and globin derivatives and more than hundred globin sequences 
are known, and show an invariable nistidine as the fifth ligand of 
heme iron (proximal histidine) and an almost invariable histidine 
(distant histidine) close to the oxygen binding, sixth coordination 
position. As the only two histidine-containing sequences of plant 
peroxidases have been inferred in the active site structure from a 
number of spectral and catalytic studies (Morrison and Schonbaun, 
1976) and conserved amino acid sequences (Welinder and Mazza, 1977). 
They were initially compared to the heme linked sequences of globin, 
and more recently, of cytochrome C peroxidase (Takis et al., 1980). 
One histidine sequence of plant peroxidase has four conserved residues 
in common with the proximal globin sequences-leu-xaa-xaa-leu-ser-
xaa-xaa-His. The other histidine ;.-quence shares a similar hydrophobic 
pattern and two residues with the distal globin 
2A 
sequences-leu-xaa-xaa-His. These pattern showing identical residues 
spaced by three to four residues point to similar helical structures 
of the heme attached peptide chain in globin and plant peroxidase. 
Synthesis of peroxidase protein leads to a non-functional 
enzyme because peroxidase activity is only reestablished by associa-
tion of the apoprotein with the heme moiety to form the holoenzyme 
(Chibbar et al., 1984). Reconstitution experiments were performed to 
determine the molar ratio of heme to apoprotein in the peroxidase 
molecule (Chibbar et al,, 1984). The reconstitution of the holoenzyme 
by the addition to apoperoxidase is complete as determined by the 
absorption spectra at 280 and 407 nm of hemin alone and hemin 
reconstituted holoenzymes (Chibbar et al., 1984) and peroxidase 
activity reappear in the roconstituted holoenzyme (Phelps and 
antonini, 1969). Cultured plant cells are ideal for studies of heme 
biosynthesis because they are frequently achlorophyllous, the major 
porphyrin metabolism in plants leading to chlorophyll synthesis does 
not interfere with the analysis (Van Huystee and Cf>.irns, 1980). The 
simultaneous biosynthesis of the protein and heme moieties required to 
form peroxidase may be measured in the cultured cells by adding 
3H-leucine and 14C-amino-levulinic acid to the medium. The synthesis 
of doubly labelled peroxidase can be demonstrated in the extracts of 
these cells (Van Huystee,1976). Assays for the initial metabolic steps 
in the porphyrin pathway show that amino levulinic dehydratase 
activity in cultured cells equals that in the green plant (Kossatz and 
Van Huystee, 1976), but the synthesis of amino levulinic acid in cells 
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is only 10 % of that in green tissue (Van Huystee, 1977). Considering 
that Chlorophyll synthesis in rw.een tissue demands nearly all the 
porphyrin synthesized in the plant, the 10 % of amino levulinic acid 
remaining in cultured cells is ample for heme synthesis destined for 
peroxidase (Van Huystee and Cairns, 1980). Double labelling 
experiments indicate a slower rate for 14C than for 3H incorporation 
in the hemoprotein, which suggests that the pool of the heme moiety is 
larger than that of the protein moiety in cultured cells (Van Huystee, 
1977). A mass ion spectrum of the cleaved heme gave an Mr. of 516, 
suggesting that the heme moiety is a protoheme (Chibbar and Van 
Huystee, 1986). 
Role of Calcium: HRP has been shown to be a metalloprotein in which 
calcium contributes to the structural stability of the protein. The 
calcium is normally an integral part of peroxidase molecule (Welinder, 
1985). The transport of a specific peroxidase isozyme across membrane 
has been attributed to the presence of two molecules of calcium per 
mole of protein in HRP (Chan et al., 1981). In addition calcium may be 
required for maintainence of protein structures near the heme moiety 
of HRP (Ogawa et al., 1979). 
Calcium analysis of native :. <P shows that it contain two moles 
of calcium per mole of peroxidase (Haschke and Friedhoff, 1978). The 
bound calcium may be removed by incubation of peroxidase with 
guanidine hydrochloride and EDTA. However EDTA alone removed the 
calcium only very slowly. The activity of the enzyme also falls after 
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removal of calcium and it legains the activity only upon 
reconstitution with calcium (Haschke and Friedhoff, 1978). 
The effect of calcium removal on decreasing specific activity 
and thermal stability strongly suggested that the calcium ions 
function in maintaining the protein conformation (Haschke and 
Friedhoff, 1978). 
Immobilized HRP: Few investigators have investigated the immobiliza-
tion of HRP on a variety of supports and investigated the properties. 
Most of the immobilized reactions were carried out using polymeric 
carbohydrate derivatives as support, which have the advantage that 
solid state residul hydroxyl groups provides a protective hydrophilic 
environment for the Attached protein (Kennedy, 1974, Kennedy and 
White, 1983). 
Anqiuro et al. (1987) have iinmobilized HRP on dissolved agarose 
by a photochemically initiated graft copolymerization reaction,carried 
out at room temperature. Hexhydro-1.3,5 triacryloyl-S-triazine (HTST) 
used as vinylating reagent. They prepared immobilized preparation with 
a good mechanical and enzymtic stability at elevated temperatures by 
Sepharose beads as matrix with hexhydro-1,3,5 triacryloyl-S-triazine 
(HTST) as functional vinyl monomer, using photochemical initiated 
graft copolymerization reaction. However, the immobilized yield was 
not satisfactory and the flexibility of the immobilized enzyme was 
cosiderably reduced (Cremonesi and Angiuro, 1983). With HRP these 
drawbacks were over come by carrying out the immobilization at 35° C 
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instead of 20°C. Under these conditicMis it was possible to control the 
immobilization mechanism and t< obtain material in which the enzyme 
flexibility was close to that of native form. Moreover the enzyme 
immobilization yield was increased from 15 to 30 % (Angiuro et al., 
1985). In these cases the polymer has an effective role and by 
increasing the concentration of pol^ Tiier/ better stability properties 
were obtained. For the sample with agarose/HTST ratios 20/40 and 
40/20, the residual activity after 240 min at 60 C were respectively 
47 and 18 %. 
HRP was immobilized on various polysaccharide matrices in the 
form of powder or beads such as Sepharose/ Sephadex G-10, Sephadex 
G-lOO, starch and cellullose by graft copolymerization reaction 
(Anqiuro et al., 1980). Copolymerization was perform with vinylated 
enzyme.The glycidyl methacrylate was used as a vinylating reagent and 
the reaction product with enzyme (HRP) was copolymerized with 
different polysaccharide supports (Anqiuro et al., 1980). 
Anqiuro et al. (1980) have also immobilized the peroxidase on 
several alkyl aminated porous silica gels and acrylic type porous 
polymers. They were used for the covalent binding of peroxidase. They 
have shown an efficient immobilized yield. These immobilized 
preparations were quite stable during operation and storage. 
Sandwick and Schray (1988) have immobilized the HRP by the 
process of adsorption at liquid/solid interface. In these preparations 
the conformation of enzyme bound to Sepharose were investigated. At 
low relative initial concentrations the adsorbed enzyme exhibited 
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altered conformation while at hicjii cone, of enzyme such conformational 
alterations were not observed. 
Berezin et al. (1977) have immobilized the HRP after periodate 
oxidation on AH Sepharose-4B. S€;pharose bound enzyme exhibited no 
change in its Km value for hydrogen peroxide while the Km value for 
0-diansidine hydrochloride decreased about 20 %. The immobilized HRP 
showed greater thermal stability than the respective soluble enzyme. 
HRP was also immobilized on SPEU film via radiations grafting 
by Hongfer et al. (1988). In this case acrylic acid or acrylamide was 
grafted via radiation onto a segmented polyetheurethane (SPEU) film, 
which is a kind of biocompatible material. The HRP was immobilized on 
the grafted SPEU film through chemical binding. The properties and 
application of the obtained biomaterial were studied in detail. 
Applications: Peroxidase in view of its stability convenient assay 
procedures and ease in availability has been subjected to extensive 
use in enzyme linked immunosorbent assays (Nilsson, 1990) and in 
immunohistological assays (Malocny et al., 1988). 
Nilsson (1990) showed that peroxidase Ab were coupled to 
tresyl-activated silica particle 1...1 make a reagent which was used in a 
sandwitch ELISA for determination „•£ human transferrin. 
Njayon and Balla (1990) h^ve reported that immunoperoxidase and 
immunoblotting techniques were ust.^ d Lo detect measels virus antigen in 
nasopharyngeal samples taken fruii children. In order to make these 
diagnostic tests simpler, faster and less expensive/ peroxidase 
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labelled with anti measels IgG were prepared and compared with 
commercially available peroxidase labelled mouse anti-IgG measels 
antigen were detected by immuno petoxidase and immunoblotting with the 
same sensitivity, no matter which type of conjugate was used (Njayon 
and Balla, 1990). 
EXPERIMENTAL 
MATERIALS 
Acetic acid 
Acetonitrile 
Acrylamide 
Bovine Serum Albumin 
Bromophenol Blue 
Calcium Chloride 
Coomassie brilliant blue 
Cynogen bromide 
Dithiothretol 
Ethylenediamine 
Ethylenediamine tetra acetic 
acid 
Ethylene glycol 
Pol ins reagent 
Glucose 
Hydrogen peroxide 
Iso-propyl alcohol 
Methyl cellosolve 
Ninhydrin 
N,N methylene bisacrylamide 
0-diansidine Hydrochloride 
I . Merck, India 
t:. Merck, India 
.Sigma Chem. Co., U.S.A. 
Sigma Chem. Co., U.S.A. 
B.D.H., England 
oarabhai M. Chemicals, India 
Sigma Chem. Co., U.S.A. 
Sisco Res. Lab., India 
Sisco Res. Lab., India 
S.d. Lab. Chem... India 
S-d. Lab. Chem., India 
s.d. Lab. Chem., India 
India. 
Central Drug House, India 
I'j'joiligens fine Chem., India 
E. Merck, India 
P. Merck, India 
S.d. Lrib. Chem., India 
.^.D.H., England 
Sigma Chem. Co., U.S.A. 
CSIR Centre for Biochemicals 
V.P. Chest Inst., India 
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Peroxidase 
Phenol 
Sepharose-4B 
Sodium acetate 
Sodium azide 
Sodium borohydride 
Sodium Carbonate 
Sodium Citrate 
Sodium(meta)periodate 
Sucrose 
Tris (Hydroxymethyl amino 
methane) 
Urea 
Sigma Chem. Co., U.S.A. 
Loba Chemicals, Co., India 
Sigma Chem. Co., U.S.A. 
E. Merck, India 
Trucizna, Poland 
B,D.H., England 
E, Merck, India 
Sarabhai M. Chemical, India 
Loba Chemicals Co., India 
C'ualigens fine Chem., India 
Sigma Chem. Co., U.S.A. 
E. Merck, India. 
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MEJHon.s 
Peroxidation of HRP- 60 mgms of :oii.:'.eccially available HRP dissolved 
m 20 ml of 0.01 M sodium phosphate buffer, pH 7.0, was mixed with 10 
mM sodium(meta)periodate. The mixture obtained was continuously 
stirred at 4° C for 1 to 2 hrs in dark. The unreacted sodium(meta) 
periodate was then inactivated with 16% ethylene glycol. 
Preparation of Ethylenediamine Llnzyme adducts- To the periodate 
treated HRP was added, 0.2 M ethylenediamine, pH 8.0 to a final 
concentration of 0.1 f1. This WdS followed by the addition of 0.1 M 
NaBH/ in O.lN NaOH for 2.5 hrs at 4 C. After the treatment unreacted 
ethylenediamine was removed by extensive dialysis in O.OIM sodium 
phosphate buffer, pH 7.0. 
Imjiiobilization of HRP on 5epharose-4B- Sepharose-4B was activated as 
described by Porath et al. (1967). 5.0 gm Sepharose was washed 
thoroughly with distilled water in a glass sintered funnel. The gel 
was sucked dry and suspended in 5.0 ml distilled water and 5.0 ml 2.0 
li sodium carbonate was added and mixed thoroughly using a magnetic 
stirrer. 1.0 gm cynogen bromide d:i3s.;ived in 1.0 r.il acetonitrile was 
added to the beaker containing ;;cvharose and the suspension was 
mixed thoroughly in cold for 10 inmutes. The whole mass was then 
transferred immediately to a glass sintered funnel and washed 
thoroughly with 0,1 M sodium bicarbonate buffer, pH 8.5, distilled 
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water and once again with buffer. The washed activated Sepharose was 
dried and suspended in 5.0 ml of 0.1 M sodium bicarbonate buffer, 
pH 8.5. HRP dissolved in 0.01 M sodium phosphate buffer, pH 7.0 was 
stirred with cynogen bromide activated Sepharose at 4 C for 12 hrs. 
An aliquot of supernatant was retained to determine the extent of 
enzyme immobilization. The matrix bound enzyme was thoroughly washed 
and suspended in 0.01 M sodium phosphate buffer, pH 7.0. 
The procedure followed for the immobilization of ethylenediamine 
adducted enzyme was essential as discussed above except that instead 
of native enzyme, the ethylenediamine treated preparation was used. 
Quantitative Estimation of Proteins: The procedure described by Lowry 
et al. (1951) was followed. A suitable aliquot of the protein sample 
was diluted to 1.0 ml with distilled water. To this was added 5.0 ml 
of freshly prepared copper reagent. The copper reagent was prepared by 
mixing 0.5% copper sulphate in 1^ (w/v) sodium potassium tartarate and 
2% (w/v) sodium carbonate in O.lN NaOH, in 1:50 ratio. After 
incubation for 10 minutes at roon, temperature, 0.5 ml of IN Folins 
reagent was added. The contents were rapidly mixed and colour 
intensity read after 30 minutes against a reagent blank at 660 nm. A 
standard curve prepared using BSA was used to calculate the 
concentration of protein. 
Carbohydrate Estimation: The procedure described by Dubois (1956) was 
followed. Two millilitres of sugar solution containing between 10 to 
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70 ug of carbohydrate was pipetted into a colorimetric tube and 0.05 
ml of 80% phenol is added. This was followed by the addition of 5.0 ml 
of concentrated sulphuric acid, the stream of acid being directed 
against the liquid surface rather than against the side of the test 
tube in order to obtain good mixing. 
The tubes were allowed to stand for 10 minutes, then they were 
o 
shaken and placed for 20 minutes in a water bath at 30 C before 
readings were taken. The colour was stable for several hrs. The 
absorbance of the characteristic yellow orange colour was measured at 
490 nm for quantitation of hexose content. Blanks were prepared by 
substituting distilled water for sugar solution and the amount of 
sugar measured by using glucose as standard. 
Determination of Amino groups: Tfiis procedure was described by Moore 
and Stein (1948). Appropriate aliquot of sample (0.1 ml) was placed in 
a photometric tube and 1,0 n.il ninhydrin solution was added. The 
ninhydrin solution was prepared by addition of 0.8 gm SnCl2.2H20, in 
500 ml of 0.2 M sodium citrate buffer, pH 5.0. This solution was added 
to 20 gm of ninhydrin dissolved in 500 ml of methyl cellosolve. The 
tubes were heated for 20 minutes in a boiling water bath. This was 
followed by the addition of 5.0 ml of diluent to each tube and 
content was mixed.The diluent was prepared by mixing equal volumes of 
water and reagent grade n -propanol. Absorbance measurments were taken 
in a Spectrophotometer at 570 nm starting 15 minutes after the tubes 
have been removed from the water bath. The colour was stable atleast 
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for one hour. Appropriate corrections for blank were made either by 
reading blank solution against diluent and zeroing the instrument on 
the blank reading so obtained or by means of an appropriate blank 
solution in conventional manner. A standard curve prepared using 
leucine was used for the quantitation of amino groups. 
Peroxidase Assay- Peroxidase was assayed at 37 C by measuring the ini-
tial rate of oxidation of O-diantii'line hydrochloride by hydrogen pero-
xide using the two substrates in saturating concentrations (Ugarova et 
al., 1979). To, 2.3 ml of 0.01 M sodium phosphate buffer, pH 7,0, was 
added 0.07 ml 5.7 mM O-d-iansidine hydrochloride in distilled water, 
0.07 ml 21 mM hydrogen peroxide and 0.05 ml of the 0.1 - 1.5 urn 
enzyme solution. The Reaction was stopped by addition of 1.0 ml of 6.0 
N HCl. Absorbance was recorded in a Beckman-spectrophotometer at 
460 nm (E460 = 30,000 M''Cm'' ). The quantity of 0-diansidine 
hydrochloride (u moles) oxidized per minute by the enzyme was assumed 
to be a measure of the enzyme activity. The enzyme activity of the 
peroxidase at elevated temperature was assayed as shown above. 
One unit of enzyme activity is the amount that catalyses the 
oxidation of 1 u mole of O-diansiuine hydrochloride per minute. 
Immobilized HRP was assayed in a manner similar to soluble 
preparation except that the assay mixture was continuously shaken 
during the incubation period. 
RESULTS 
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Preparation of immobilized HKP- In order to obtain a useful 
immobilized preparation of HRP, several immobilization procedures were 
investigated. As shown in figure 1.. HRP was coupled both via its side 
chain amino groups as well as through its carbohydrate moieties to the 
Sepharose matrix. While the preparation I was coupled exclusively 
through the amino acid side chains, preparation II contained enzyme 
coupled presumably both by amino acid side chains and through amino 
groups incorporated in the carbohydrate residues. Preparation III is 
expected to be linked exclusively via carbohydrate spikes that were 
treated with periodate to generate aldehydic groups, whereas the 
preparation IV contained HRP non-covalently bound to the Con A--matrix. 
HRP was treated with 10 miM sodium (meta) periodate as described 
in the methods prior to immobilization in order to obtain preparation 
II and preparation III. The enzyme lost 30 % carbohydrate as a result 
of this treatment and the activity of enzyme was also decreased by 
about 40 %. About 17 amino groups were incorporated into each molecule 
of HRP as a result of periodate oxidation followed by ethylenediamine 
treatment (Table I). 
Table II describes the amounts of HRP immobilized and Tj values 
of the bound enzyme when the different immobilization strategies 
described above were followed. Highest yield was obtained in the 
preparation that contained the HRP bound via its amino acid side chain 
as well as through amino groups incorporated into the carbohydrate 
Figure 1. Schematic representation of the likely linkages between 
the enzyme and support as a result of immobilization 
on sepharose using various procedures. 
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TABLE I 
Activity/ Carbohydrate and amino group content of periodate and 
Ethylenediamine treated HRP* 
Commercial preparation of HRP was treated with 10 mM sodium per-
iodate followed by 100 mM ethylenediamine as described in the methods. Enzyme 
activity, protein, carbohydrate and amino group content of the native and 
modified enzyme was also determined. 
Specific u moles of carbohydrate/ u moles of NH^ -
Activity** mg of Protein groups/ u mole of 
Protein 
CONTROL HRP 50083 2.1 28.6 
TREATED HRP 28011 l.S 45.0 
(56%) (71%) 
'' Each value represents the mean of atleast four independent experiments per-
formed in duplicate. 
* u moles of 0-diansidine hydrochloride minute/mg of protein. 
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TABLE - II 
Immobilization of HRP by various strategies* 
Support Enzyme 
r\ value 
Units bound/Gram (Actual/ 
theoritical) 
Theori- Actual 
tical 
CNBr-Activated** 
CNBr-Activated 
CNBr-Activated + Diamine 
treated 
CNBr-Activated + Con A 
treated*** 
Native 
Diamine adducted 
Periodate treated 
1500 
2000 
1150 
900 
1850 
600 
0.60 
0.92 
0.52 
Native 900 800 0.88 
* Each value represents the mean of atleast four independent experiments 
performed in duplicate. 
** Each gram of Sepharose was treated with 200 mgm CNBr for 10 uiinutes 
'** 10 mgm Con A was coupled to one gram of Sepharose. 
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moieties. This preparation also exhibited the highest r\ value. 
Although Con A-matrix bound relatively small amount of HRP, the r\ 
value of this preparation was higher than preparation I and III. 
Taking into consideration the risk of elution of enzyme from the 
matrix at high temperature and other denaturing conditions, the Con A 
bound preparation was not used in studies involving inactivation and 
reactivation of enzyme. Preparation III was also not used in view of 
very low amount of enzyme that could be bound to support. 
Effect of temperature: Preparations I and II were used for this study 
and soluble HRP was used as control. As shown in figure 2, the 
immobilized preparations were far more stable than the soluble HRP. 
While the soluble enzyme lost essentially complete activity in 2 hrs 
at 70° C, preparation I and preparation II retained 15 % and 50 % 
activity respectively under identical conditions. As evident from the 
figure 2, the heat-treated preparation II regained almost complete 
activity in about 6 hrs, when incubated at 0°C. The regain in activity 
in case of preparation I was far lov;er and a maximum of about 40 % of 
the initial enzyme activity could l.u- recovered. The native enzyme did 
not regain any activity under these conditions. 
As the preparation II lost relatively small fraction of activity 
even at 70 C, attempts were made to achieve higher degree of 
inactivation by incubating the preparations at higher temperature with 
a view to further investigate their ability to regain activity after 
essentially complete inactivation. The immobilized and native HRP 
Figure 2. Effect of temperature on inactivation and reactivation 
of soluble and immobilized HRP preparations. 
Approximately 200 units of soluble or immobilized 
preparation I and II were incubated at 70 C in 0.01 n 
sodium phosphate buffer, pH 7.0, for 2 hrs. Aliquots of 
each preparation was removed and enzyme activity was 
determined under standard conditions. These 
preparations were subsequently shifted to 0 C for 
reactivation and activity was determined at various 
time intervals. Arrow indicates the time point at which 
the preparation was transferred to 0°C for further 
incubation. The symbols shu^ ' o ) soluble HRP, ( A ) 
preparation I, ( • ) prep-^atiion II. 
TIME (hrs) 
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preparations were, therefore, incubated at 75°C for 30 mins. As a 
result of this treatment as shown in figure 3, the soluble HRP was 
completely inactivated, while the preparation I and II retained 20 % 
and 29 % of initial enzyme activity respectively, the heat treated 
preparation II regained about 60 % of initial activity in about 6 hrs, 
when incubated at 0 C. The regain in activity in case of preparation I 
was only about 40 %. Further incubation upto 16 hrs at 0°C resulted in 
no significant increase in the activity. The native HRP did not regain 
any significant activity under these conditions. The extent of 
reactivation achieved at 75°C was however far lower as compared to 
that achieved at 70° C. This appears to be a consequence of 
irreversible alteration of the enzyme at 75** C. This is further 
supported from experiments in which the preparations were inactivated 
for a longer duration at 75°C. Incubation of both- soluble and 
immobilized HRP preparations at 75° C produced almost complete 
inactivation in 2 hrs. Inmobilized preparations regained a very little 
enzyme activity even after 16 hrs incubation at 0 C. Maximum 
reactivation was, however, observed in preparation 11, that recovered 
about 20 % of initial enzyme activity. There was no significant regain 
of activity in case of soluble HRP (Fig. 4). 
Figures 5 and 6 show the inactivation of immobilized HRP 
preparations incubated at 70°C for various durations. This indicates 
an inverse relationship between lenjch of heat treatment and retention 
0 
of enzyme activity. Extent of reg^ i^... jf activity after incubation at 0 
C also varied inversely with the length of heat treatment, further 
Figure 3. Effect of 75° C incubation on inactivation and 
reactivation of soluble and immobilized HRP 
preparations. 
Soluble and immobilized preparations I and II 
were incubated at 75 C for 30 mins. Aliquots were 
removed to determined the activity. These 
inactivated preparations were shifted to 0 C for 
reactivation for the indicated duration. The sym-
bols show ( 0 ) soluble HRP, ( A ) preparation I 
and ( • ) preparation II. 
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E^ igure 4. Inactivation and reactivation of soluble and immo-
bilized preparations at 75 C. 
Soluble and immobilized preparations I and 
II were incubated at 75 C for 2 hrs. Aliquots were 
removed to determined the activity. These prepara-
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tions were shifted to 0 C for reactivation. The 
symbols show ( O ) soluble HRP ( A ) preparation I 
and ( • ) preparation II. 
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suggesting irreversible alterations taking place in enzyme molecules 
after long exposure to high temperature. As evident from figure 5/ the 
preparation I was able to regain significant activity even after 4 hrs 
incubation at 70° C. The ability to recover the enzyme activity, 
however, declined progressively with increase in the length of 
exposure to this temperature. The preparation that was reactivated 
after incubation for 1 hr regained about 60 % of initial enzymi-
activity, while that subjected to 70°C treatment for 4 hrs regained 
only about 25 %. 
Preparation II appeared superior in its ability to recover 
activity after heat treatment as shown in figure 6. The preparation 
was certainly more stable and retained significantly more activity 
after 1 .^ nd 2 hpa incubation at 70 C than in the preparation I and 
regained about 95 % and 80 % of initial enzyme activity respectively 
after incubation at 0 C. The recovery of enzyme activity after 4 hrs 
exposure to 70 C was, however, comparable with the preparation I. 
Calcium ions have been shown to stabilize many enzymes against 
heat and other forms of inactivation and attempts were made to study 
the role of calcium ion on the thermal inactivation and reactivation 
of HRP. As shown in figure 7, when 10 mM calcium was included in the 
preparation during the heat treatment, thermal stability of the native 
HRP at 75 C was only marginally increased. The immobilized 
preparations, however, showed remarkable increase in their stability 
in presence of calcium. After 3 hrs incubation at 75°C, the pre-
paration I and II retained about 30 % and 50 % activity respectively. 
Figure 5. Effect of length of incubal:ion at 70 C on inacti-
vation and reactivation of preparation I. 
Immobilized preparation I was incubated at 
70 C for various durations. An aliquot was removed 
and enzyme activity was determined, subsequently 
the preparation was shifted to 0 C for reactiva-
tion. 
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Figure 6. Effect of length of incubation at 70 C on inactivation 
and reactivation of preparation II. 
Immobilized preparation II was incubated at 70 C 
for various time intervals. An aliquot was removed and 
enzyme activity was determined, subsequently the prepa-
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ration was shifted to 0 C for reactivation. 
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However, in the absence of calcium ions these preparations lost about 
95 % and 90 % d;-:tivity respectively. 
Effect of Urea- In order to investigate the ability of various 
preparations to recover enzyme activity after complete inactivation, 
some experiments were performed using the denaturants. As evident from 
the figure 8, 8.0 M urea caused complete inactivation of native and 
immobilized preparations. Prolonged incubation of the urea-treated 
preparations at 0°C, even after complete removal of urea, did not 
result in any significant recovery of activity. Incubation of urea 
denatured preparation with thiol reductant followed by the removal of 
denaturant and subsequent incubation with oxidized and reduced 
glutathion mixture was also attempted in order to achieve the 
reactivation of the preparations. Such attempts however, resulted only 
in the moderate recovery of enzyme activity. When calcium ions were 
added in the reactivation buffer, however the preparations regained 
very significant enzyme activity. As evident from the figure 8, the 
preparation I, regained about 65 % activity and preparation II 
o o 
recovered 25 % activity in about 4 hrs at 0 C. Further incubation at 0 
C, however, lead to no Curther increase of enzyme activity. 
Since the HRP contains heme moiety, the possibility of heme 
detachment as a consequence of ui.ea treatment was investigated. As 
shown in figure 9, the absorption spectra of native HRP and that 
treated with urea and subsequently incubated in urea free medium were 
almost identical, indicating very little loss of heme moiety. It was 
Figure 8. Effect of urea on inactivation and reactivation of 
soluble and immobilized HRP. 
Soluble and immobilized HRP preparations were re-
duced and inactivated by 8.0 M urea in 0.01 M Tris HCl 
buffer, pH 7.0/ containing 20 mM dithiothretol and 5 mM 
EDTA for 2 hrs at 4 C. Aliquots were removed to deter-
mine the enzyme activity. 
The immobilized reductively unfolded enzyme was 
centrifuged to remove the denaturants and thoroughly 
washed with 0.01 M Tris HCl buffer, pH 7.0, containing 
10 mM calcium. The enzyme preparation was finally 
placed into 0.01 M Tris HCi buffer, pH 7.0, containing 
10 mM calcium at 4 C. Alicpjots were removed to 
determine the activity at various time intervals. The 
native enzyme was dialyzed to remove excess urea from 
the enzyme. The symbols show ( 0 0 ) soluble HRP, 
( A A ) preparation I and (o • ) preparation II. 
Open symbols represent preparations incubated in absen-
ce of calcium while filled symbols represent those 
incubated with calcium. 
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E'igure 9. Absorption spectra of native and urea denatured HRP. 
Native (A) and urea denatured (treated with 8.0 M 
urea, 20 mM dithiothretol and 5 mM EDTA) HRP (B) 
were dialyzed against excess of 0.01 M phosphate 
buffer/ pH 7.0 for 12 hrs. The dialyzed preparations 
were scanned using Beckman DU-40 Spectrophotometer. 
Protein concentration of sample was about 1 mg/ml. 
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however, not possible to perform similar experiments on immobilized 
HRP preparations. 
DISCUSSION 
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J^eroxidase is commercially one of the most widely used enzyme 
due to its convenient assay system, ready availability and high 
stability. It is extensively used in enzyme linked immuno sorbent 
assays (ELISA) and in the visualization of various polypeptides after 
blotting using specific antibodies, lectins etc. In both the ELISA and 
microdetection of the enzyme on the gels, peroxidase is used as a 
conjugate, albiet soluble, with other proteins and hence can be 
considered immobilized. It was ot interest therefore to investigate 
the effect of the nature of immobilization and calcium ion on the 
stability and ability to recover activity after inactivation of the 
peroxidase preparations. 
Covalent coupling of enzymes to solid supports via amino acid 
side chains is the most popular immobilization strategy, as the 
chemical reactions involved in the process are mild and result in 
retention of a large fraction of enzyme activity in case of numerous 
enzymes (Zaborsky, 1973). Such procedure however, are not useful in 
case of glycoenzymes that have the side chain amino groups masked by 
carbohydrate spikes (Hsiao and Royer, 1979). Since carbohydrate chains 
of most of the investigated enzymes do not participate in catalytic 
function, several investigators obtained useful glycoenzyme 
preparations immobilized via tho ylycosyl residues (Zaborsky and 
Ogletree, 1974, Woodward and Zaciuy, 1982, Hsiao and Royer, 1979, 
Saleemuddin and Husain, 1991). 
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Treatment of peroxidase v.-itl; periodate that oxidizes vie 
hydroxyl groups of carbohydrate/ resulted in the loss of 40 % enzyme 
activity and 30 % carbohydrate as measured by the phenol-sulphuric 
acid procedure (Table I). The conditions employed for periodate 
oxidation are relatively mild and are not expected to cause severe 
damage to the polypeptide portions (Zaborsky and Ogletree, 1974). 
Although definite information on the role of the oligosaccharide 
chains in the catalytic function of HRP is not available, Hu and Van 
Huystee (1989) clearly demonstrated that deglycosylation of 
cationic/anionic peanut peroxidases with periodate or glycopeptidase F 
results in very significant loss Ln peroxidase activity. These authors 
suggest that oligosaccharide chains are not only important for 
stability of protein but atleast some of these may be directly 
involved in catalytic function. Although peroxidation of other enzymes 
has also been shown to cause varying degrees of inactivation, loss of 
activity could be minimized by carrying out the reaction under mild 
conditions (Hsiao and Royer, 1979; Marek et al., 1984). 
As shown in Table II, highest yield of immobilization was obtai-
ned with the preparation that was p._-ioxidized and treated with diamine 
prior to reaction with the cyanogen bromide activated matrix. The 
diamine-treated preparation concained additional 17 amino groups as 
compared to the native enzyme. However, it can not be ascertained, if 
the enzyme was coupled to the matrix only through the incorporated 
amino groups or also through some of the amino acid side chain of the 
enzyme. Since HRP oligosacchride chains that are located on the 
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surface of the molecule (Welinder, 1985), the chances of the 
incorporated amino groups forming the point of attachment between the 
support and enzyme is high. This is further evident from the high r|_ 
value of this preparation, which suggests that almost all the bound 
molecules are free to exhibit their catalytic function. In view of the 
exposed nature of the carbohydrate chains the molecules coupled to the 
matrix via amino groups substituted in the carbohydrate chains are 
likely to have freely accessibe active sites. 
When the amino groups substituted matrix was reacted with perio-
date treated enzyme, however, very low levels of immobilization were 
achieved (Table II). This may be related to the formation of covalent 
adducts of the periodate treated enzyme involving amino groups of one 
enzyme molecule with the generated aldehydic groups of another. Such a 
reaction will decrease the aldehydic groups and interfere with the 
coupling of enzyme to solid support. Unlike very high immobilization 
yields obtained when several glycoenzymes are bound to Con A supports 
(Saleemuddin and Husain, 1991), commercial preparations of HRP were 
not immobilized efficiently on Con A-Sepharose (Table II). This may be 
related to the binding of some but not all the isozymic forms of HRP 
on Con A matrix (Derbyshire, 1973). 
In support of the earlier observations (Hsiao and Royer, 1979; 
Woodward and Zachry, 1982, Saleemuddin and Husain, 1991), the 
preparation immobilized via carbohydrate moieties (preparation II) was 
far more thermostable than the preparation I coupled exclusively via 
amino acid side chains. The preparation I inturn was far more stable 
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than the soluble preparation. In audition, the preparation II appeared 
superior to the preparation 1 in its ability to regain complete 
activity on incubation at 0°C, subsequent to the heat treatment. Since 
the exposure to 70°C resulted m retention of 15 % and only 50 % 
activity by preparation I and II respectively, an exact comparison of 
the ability of the two preparations to regain enzyme activity was not 
possible (Fig. 2). When exposed to a higher temperature (75° C) 
however, both the preparations lost most of activity. The recovery in 
activity after incubation at o'^C was however poor in all the 
preparations suggesting irreveroible inactivation (Fig. 3 & 4). 
Exposure to high temperature h:i^ been shown to induce a number of 
covalent alteration in the moleci-ie including hydrolysis of asparagine 
(Ahrens and Klibanov, 1985, Zale and Klibanov, 1986) and cleavage of 
susceptible peptide bonds (Ahrens et al., 1987). While the possible 
covalent alterations in the heat -treated peroxidase preparations were 
not examined in this study. Figure 5 and 6 clearly indicate that 
ability to recover enzyme activity decreases as a function of length 
of incubation at 70 C both in preparations I and II, but at all the 
time points investigated the inanobilized preparation II recovered 
greater fraction of enzyme activity. In addition to the possible 
irreversible covalent modificatiouo that can restrict the recovery of 
enzyme activity, another mechajv..i.^ , can also be envisaged to explain 
this behaviour. In view of th^ ^...j amino groups incorporated into 
the oligosaccharide side chaan^ it is likely that the number of 
attachments between the enzyme and support is larger in preparation II 
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than in preparation I. This may also explain the greater stability of 
the preparation II (Iqbal and Saleemuddin, 1983b, Martinek et al., 
1977). In view of the extra linkages between the support and enzyme 
the preparation II may attain greater rigidity in conformation atleast 
in the region close to the support, which inturn may result in overall 
stability of the molcule. High temperature treatment may however cause 
unfolding of the regions not directly in contact with matrix. These 
molecules may not be able to recover their original three-dimensional 
structure after incubation at lower temperature due to regions that 
may not be flexible to undergo complete unfolding because of the 
multiple attachment with the support. 
It is of interest to point out here that protein-protein 
interactions that increase remarkably between the molecules in the 
denatured state can be prevented completely by immobilization under 
appropriate conditions. (Klibanov, 1979). The denaturation observed 
would therefore represent "monomolecular physical denaturation" rather 
than due to any significant protein-protein interaction (Martinek et 
al., 1975). 
In view of the observation that HRP and other plant peroxidases 
contain bound calcium ions (Haschke et al., 1978, Aibara et al., 
1982), the effect of calciuni l.jf:o on the stability against urea 
denaturation and ability to recovet. enzyme activity after 8.0 M urea 
treatment was investigated. As evident from the figure 7 inclusion of 
10 mM calcium ions increased the stability of the native and more 
significantly of the immobilized preparations. Best stabilization was 
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observed in case of preparation IL. Studies of Haschke and Friedhofc 
(1978) demonstrated that calcium ion free HRP is far more labile as 
compared to that containing bound calcium. Stabilizing effects of 
calcium ion as a number of othei enzymes against various forms of 
denaturation has also been reported (Gomez et al., 1977, Delaage and 
Lazdunski, 1967, 1968, Martin, 1964, Martin and Frazier, 1963, 
Chervenka, 1960). In case of trypsin calcium ion mediated effects were 
shown to be due to stabilizing effects on the tertiary structures and 
ability of calcium ion to prevent autolysis (Gomez et al., 1977). Tn 
addition to increasing the thermal stability of the preparation, 
calcium ions were highly effective in increasing recovery of 
peroxidase activity after urea denaturation (Fig. 7). Preparations 
incubated in absence of calcium ions were however not reactivated 
significantly. 
Evidently,the denatured enzyme loses calcium readily(Haschke and 
Friedhoff, 1978) and fails to ref'-jld unless adequate amount of these 
ions are provided in the sample. A number of other enzymes required 
calcium for refolding to the native state after denaturation induced 
by various agents (Rao and Brew,1989). Interestingly, however,the pre-
paration I presumably with fewer crosslinks was capable of recovering 
greater fraction of enzyme activity. A number of investigations have 
shown that in absence of protein-protein interactions, heat treated 
polypeptide could be reactivated after converting them into random 
coils by the chemical denaturant and thiol reductants (Martinek et 
al., 1980). Evidently preparation II, attached at relatively large 
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number of sites on the matrix, -_>..inot be converted to the random coil 
and hence cannot be refolded .-ito native state completely. This 
indicates that increasing the number of linkages between enzyme and 
support leads to enhanced stability but poor recovery of enzyme 
activity after complete denaturation. 
SUMMARY 
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Glycoenzymes are recalcitrant to immobilization procedure invol-
ving covalent coupling between the side chain amino groups and solid 
support. Several studies indicaced the usefulness of immobilization 
strategy in which carbohydrates form the point of attachment between 
the support and enzyme. A large number of studies indicate that in 
addition to enhancement in stability that results from immobilization, 
the immobilized enzymes have greater chances of undergoing 
reactivations, subsequent to various type of denaturation. The present 
study was undertaking in a vie*.' to investigate if the nature of 
immobilization procedures exerts remarkable influence on the 
inactivation and subsequent reactivation of the enzyme. 
Horseradish peroxidase, an enzyme that is widely used in immuno 
analytical techniques, was selected for the study in view of its 
stability and glycoprotein nature. Commercial horseradish peroxidase 
which is actually a mixture of several isozymic forms is used for this 
study. Horseradish peroxidase was iimobilized by four procedures. 
These included (A) directly coupling to the cyanogen bromide activated 
sepharose (preparation I), (B) preparation of diamine adducted enzyme 
by periodate oxidation followed by treatment with ethylenediamine. The 
preparation was also immobilized on cyanogen bromide activated 
Sepharose (preparation II), (C) Periodate oxidation of the enzyme 
followed by its immobilization on '^.idno-Sepharose (preparation III), 
(D) Immobilization of peroxidase _.. Con A-Sepharose (preparation IV). 
The preparation I is expected to be coupled via side chain amino 
groups. While the preparation II presumably involves coupling both via 
amino groups incorporated into the carbohydrate side chains and amino 
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acid side chain amino groups. The coupling of preparation III probably 
involved the reaction of periodate oxidized carbohydrate residues with 
the amino groups of support. Non-covalent association of the 
carbohydrate with immobilized lectins is involved in the IV prepara-
tion. 
The highest yield and r\ values were obtained in case of prepara-
tion II that is presumably having most of the immobilized enzyme 
molecules highly acessible to the substrate. This was followed in 
yield by the preparation 1/ IV and III. The Con A-Sepharose bound 
preparation, howerver, exhibited higher r^  value as compared to the 
preparation I and III. In view of high immobilization yield 
preparations I and II were used for the study of enzyme inactivation 
and reactivation. 
As compared to preparation I the preparation II retained greater 
acitivy at 70 C and 75 C, although the difference in stability was 
more marked at 70 C. After 2 hrs incubation at 70 C the inactivation 
of preparation I was 85 % and that of preparation II was 50 %. The 
soluble enzyme was completely inoccivated as a consequence of this 
treatment. Preparation II was also found to be superior in its 
ability to recover enzyme activity after heat-treatment. When 
incubated for longer duration at 70^C/ the ability of the preparations 
to regain enzyme activity decreast-c inversely with the magnitude of 
heat treatment. Thus while preparation II incubated for 2 hrs at 70°C 
recovered enzyme activity completely on subsequent incubation at 0°C, 
only 35 % activity could be recovered subsequent to 4 hrs exposure to 
70 C. Preparation I also exhibited temperature dependence but was 
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certainly more labile than the pi:..[^ aration II, both in its ability to 
retain activity after heat-treati.,-...;t as well as in regaining activity 
at 0°C. 
Horseradish peroxidase concains bound calcium that appears 
essential for the stability of the enzyme. Removal of calcium causes a 
very, significant decrease in thermal-stability. Calcium ions have 
been, however, shown to protect both the soluble and immobilized 
horseradish peroxidase, although the stabilization appeared far more 
marked in immobilized preparations. Highest stabilization was however 
observed in case of preparation II. 
Calcium ions were also very effective inducing reactivation in 
the enzyme previously denatured with urea and treated with 
dithiothretol. Immobilized preparations were superior to native enzyme 
in the ability to recover enzy:::e activity after urea treatment/ 
however, unlike in case of th(L^ .,..il-stability, preparation I was 
appeared superior in its ability to regain the activity after 
treatment of 8.0 M urea, 20 mM di...^othretol and 5 mM EDTA. Although 
urea and thiol reductant treatment Liiipared the ability of horseradish 
peroxidase to recover complete O'^nivity even in the immobilized 
state, these preparation were ct^-tainly far more superior than the 
native enzyme in their ability to undergo reactivation. 
The urea denaturation did net involved heme detachment. This was 
evident from the absorption spectra of native and the urea denatured 
and dialyzed enzyme. The spectra were almost indistinguishable 
suggesting no loss of heme during ti;e urea treatment. 
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